Introduction
Heart-related diseases are the leading cause of mortality in the world according to the 'Heart disease and stroke statistics-2013 update' by the American Heart Association [1] . It is suggested that shearing of adjacent muscle layers in the left ventricular wall contributes substantially to wall thickening during systole [2] . It is further suggested that the development of realistic finite element models of the mechanical behavior of both healthy and diseased myocardial tissue is dependent on the formulation of appropriate constitutive laws and the accurate identification of their material parameters [3] . To the authors' knowledge there is no single biaxial tensile and triaxial shear study on human myocardial tissue yet available in the literature. Therefore, our principal aim of the present study is to characterize the mechanical properties of the human myocardium by biaxial tensile and triaxial shear testing, and the myocardial microstructure, in order to derive new constitutive descriptors and their related parameters for more accurate numerical (finite element) simulation studies of the fundamental mechanisms of human heart mechanics. Fundamental heart mechanisms based on healthy and diseased tissues can be better investigated and understood if material parameters are based on sophisticated and well-determined experimental data.
Methods
Preparations and mechanical testing. For the biaxial tests, squared specimens with the dimensions 25x25x2mm were prepared from the regions of the lateral left ventricular wall, with one side aligned with the fiber and cross-fiber axes. Several suitable specimens were extracted through the myocardial wall from the epicardium to the endocardium. During the experiments, the specimens, see Fig. 1 (a), were submerged in a cardioplegic solution at physiological conditions. Different stretch levels (5, 7.5, 10, 12.5, 15, 17.5 and 20%) were applied consecutively. For the triaxial shear testing, three adjoining cubic specimens (4x4x4mm) were prepared with their sides aligned according to the fiber axis, sheet axis and sheet-normal axis, see, e.g., Fig. 1 Three cycles of sinusoidal simple shear (0.1-0.5 in 0.1 steps of specimen thickness) were applied to each cubic specimens in two orthogonal directions. Consequently, for the six possible modes of simple shear for an orthotropic material three different specimens are needed. Resulting forces in three axes (x, y, z) were measured. On completion of shear testing, relaxation tests ('step test') at 0.5 shear strain were performed in the x-and y-directions in order to account for the viscoelastic features of the tissue.
Microstructural investigations.
A novel combination of optical clearing and multiphoton microscopy was utilized to explore the 3D microstructure of the tissue emphasizing the 3D orientation and dispersion of the muscle fibers and the adjacent collagen fabric [4] .
Data analysis and model fitting.
The resulting data from the biaxial tensile and triaxial shear tests were plotted as stress-strain curves, and discussed. This stress-strain behavior was further fitted to existing constitutive models to check their capability in order to represent the data. The main focus was on the verification and possible modification of the novel structurally-based constitutive model of the passive myocardium, as proposed by Holzapfel and Ogden in 2009 [5] .
Results
Biaxial stress-stretch plots indicate pronounced nonlinear, highly anisotropic, viscoelastic properties with a stiffer behavior and bigger hysteresis in the fiber direction than in the cross-fiber direction, see, e.g., Fig. 2 . Figure 2 : Representative Cauchy stress σ to stretch λ responses of the human left ventricular myocardium subjected to biaxial testing at a max. stretch of 7.5% and different stretch ratios in fiber (solid curves) to cross-fiber (dashed curves) directions. The donor's age was greatly influencing the mechanical behavior of the myocardial tissue. In average, the ratio of the maximum stress values in the fiber and cross-fiber direction at equibiaxial testing were determined to be 3:1. In addition, biaxial tensile tests showed a decreasing mechanical stiffness of the myocardial tissue with increasing age of the donor. The triaxial shear properties of the myocardium were viscoelastic, nonlinear and highly dependent on the orientation of the cardiac myo-fibers and sheets, which manifests the orthotropic nature of the myocardial tissue, see, e.g., Fig. 3 . Microstructural investigations affirmed an orthotropic composition of the investigated tissue and showed highly aligned myo-fibers with a small dispersion in the healthy human myocardium. The novel constitutive model [5] showed the ability to give a good representation of both the biaxial tensile and the triaxial shear responses. 
Discussion
A mechanical characterization of the passive human myocardium leads to a better understanding of the mechanical deformation of the heart during the cardiac cycle, and in particular, how diseased/ischemic regions can impair the pumping ability. The material data from this study is intended to be used in numerical (finite element) simulations for better understanding of ventricular mechanics, a step needed in the improvement of medical treatment of heart diseases. More accurate material parameters, and, therefore, more accurate computer simulations of the cardiac mechanical function can be used to test novel surgical procedures restoring mechanical function of the heart failure following infarction.
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